Prefoldin is a hexameric molecular chaperone found in the cytosol of archaea and eukaryotes. Its hexameric complex is built from two related classes of subunits and has the appearance of a jellyfish: its body consists of a double beta-barrel assembly with six long tentacle-like coiled coils protruding from it. Using the tentacles, prefoldin captures an unfolded protein substrate and transfers it to a group II chaperonin. The prefoldin-group II chaperonin system is thought to be important for the folding of newly synthesized proteins and for their maintenance, or proteostasis, in the cytosol. Based on structural information of archaeal prefoldins, the mechanisms of substrate recognition and prefoldin-chaperonin cooperation have been investigated. In contrast, the role and mechanism of eukaryotic PFDs remain unknown. Recent studies have shown that prefoldin plays an important role in proteostasis and is involved in various diseases. In this paper, we review a series of studies on the molecular mechanisms of archaeal prefoldins and introduce recent findings about eukaryotic prefoldin.
Introduction
Prefoldin (PFD) was first discovered by Cowan et al. and Geissler et al. based on its ability to capture an unfolded actin or to contribute to tubulin maturation (Geissler et al. 1998; Vainberg et al. 1998) . PFD binds specifically to a eukaryotic cytosolic chaperonin (chaperonin containing TCP-1 (CCT)/ TCP-1 ring complex (TRiC)) and transfers target proteins to it. Eukaryotic PFDs are composed of six different subunits. The genes encoding the yeast homologs of PFD subunits PFD2-PFD6 (GIM1-5) were identified in a screen for genes that are lethal in combination with a mutant γ-tubulin (Geissler et al. 1998) . Sequence alignment has shown the existence of PFDs in archaea. Archaeal PFDs are composed of two kinds of subunits: two α subunits and four β subunits. Eukaryotic PFD3 and PFD5 subunits are homologous to the archaeal α subunit, while the others are homologous to the archaeal β subunit. Archaeal PFDs are molecular chaperones capable of stabilizing a range of nonnative proteins and releasing them for subsequent chaperonin-assisted folding (Leroux et al. 1999; Okochi et al. 2004; Okochi et al. 2002 ). In contrast, PFD homologs have not been found in Eubacteria. Chaperonins (CPNs) are ubiquitous, double-ring-shaped molecular chaperones that capture unfolded proteins in their cavities and assist in their folding in an ATP-dependent manner (Hartl and Hayer-Hartl 2002; Horwich et al. 2007) . CPNs are subdivided into group I and group II (Gutsche et al. 1999; Horwich et al. 2007) . Group I CPNs are present in bacteria and in the organelles of eukaryotes, mitochondria, and chloroplasts. Eukaryotic cytosolic CPN (CCT/TRiC) and archaeal CPN belong to group II CPNs. Unlike group I CPNs, group II CPNs do not require a GroES-like co-chaperonin but have a built-in lid that is composed of a helical protrusion in the apical domain (Ditzel et al. 1998; Iizuka et al. 2004; Meyer et al. 2003; Shomura et al. 2004) . CCT/TRiC adopts a complex structure composed of eight different subunits. Archaeal CPNs consist of one or two different subunits. As described below, PFDs interact and function with group II CPNs in a cooperative manner. Thus, it is reasonable to think that PFDs coevolved with group II CPNs.
It has been almost 20 years since the discovery of PFD. The importance of PFD in proteostasis in the cytosol has been widely recognized. However, there has been little advancement in the study of eukaryotic PFDs due to the complexity of eukaryotic PFDs and their partner CCT/TRiC. Thus, the functional and structural characterization of PFDs has primarily advanced by studying the archaeal system. In this article, we review studies on the structures and functional mechanisms of PFDs, especially from a biophysical point of view. In addition, we introduce recent findings about eukaryotic PFD.
Structure of Prefoldin
The crystal structures of archaeal PFDs from Methanobacterium thermoautotrophicum (Methanobacterium PFD) and from Pyrococcus horikoshii OT3 (PyrococcusPFD) have been determined to be 2.3 and 3.0 Å resolutions, respectively (Siegert et al. 2000; Ohtaki et al. 2008) . The quaternary structure of prefoldin is a hexamer composed of two α and four β subunits. Strikingly, PFD resembles a jellyfish ( Fig. 1) : its body consists of a doublebarrel assembly with six long tentacle-like coiled coils protruding from it. Each of the α and β subunits contains two or one central β-hairpins, respectively; these are N-and C-terminally flanked by coiled-coil helices. The coiled-coil helices of each subunit assemble into an anti-parallel conformation. Each coiled-coil tentacle is fully solvated, and its polar and charged side chains are almost exposed to the solvent. The average B-factor of the coiled-coil region of each subunit is much higher than that of the β barrel assembly region; the coiled-coil tentacles have few inter-subunit interactions within the hexameric complex, indicating that each individual coiled coil is highly flexible. This flexibility should be favorable for widening the central cavity and capturing a variety of nonnative proteins.
Martin-Benito et al. analyzed the structure of a eukaryotic PFD by electron microscopy at a relatively low resolution (Martin-Benito et al. 2002) . The structure of eukaryotic PFDs is similar to that of archaeal PFDs, with the six arms protruding from the base of the oligomer. Recently, crystallization of human PFD was reported (Aikawa et al. 2015) . Although X-ray diffraction data were collected to 4.7 Å resolution, the structure was not determined.
Substrate recognition sites of prefoldin
The substrates of eukaryotic PFDs are mainly nascent cytoskeletal proteins (Hansen et al. 1999; Vainberg et al. 1998) . Simons et al. have shown that eukaryotic PFDs use the distal ends of different but overlapping sets of subunits to form stable binary complexes with different target proteins, namely, actin and α-and β-tubulin (Simons et al. 2004) . A threedimensional reconstruction of a eukaryotic PFD complexed with an unfolded actin molecule revealed that the PFDbound target protein adopts a defined conformation that crosses the PFD cavity and seems to interact with the tips of tentacles (Martin-Benito et al. 2002) .
Archaeal PFDs have been shown to prevent the aggregation of various proteins (Iizuka et al. 2008; Leroux et al. 1999; Lundin et al. 2004; Okochi et al. 2004; Okochi et al. 2002) . Generally, molecular chaperones interact with the hydrophobic surfaces of unfolded proteins of various sequences, sizes, and shapes. Hydrophobic grooves exist in the coiled coils of both the α and β subunits of archaeal PFDs. Since the hydrophobic grooves face the central cavity, they are thought to be involved in binding nonnative substrates. The hydrophobic residues in the hydrophobic groove of the α subunit do not face one another in an orderly way, unlike those of the β subunit. Thus, the hydrophobicity of the groove of the β subunit is higher than that of the α subunit, indicating that the β subunit is essential for binding non-native proteins. Electron microscopic images have shown that Pyrococcus PFD stabilizes an unfolded protein by interacting at the distal regions of the tentacles, suggesting a different mechanism from that of eukaryotic PFDs, which encapsulates its substrate inside the cavity (Martin-Benito et al. 2007 ).
Lundin et al. have analyzed the substrate-binding properties of Methanobacterium PFD by introducing mutations at the coiled-coil tips of the PFD (Lundin et al. 2004 ). These authors proposed that while substrate binding depends on the spatial arrangement of residues that are generally intrinsic to coiled coils, PFDs have evolved with additional features that are specific to their chaperone Fig. 1 Crystal structure of Pyrococcus prefoldin. Overall structure of the α 2 β 4 hexameric complex of Pyrococcus PFD showing side and bottom views. α subunits and β subunits are shown in red (α subunit), green, and blue (β subunit). Reproduced with permission from Ohtaki et al. 2008 activities. Okochi et al. performed a systematic mutational study to elucidate the substrate-binding site of Pyrococcus PFD (Okochi et al. 2004 ). It was found that both the N-and C-terminal ends of the β subunit were critical for interactions with unfolded proteins. Of the eight C-terminal amino acid residues (Ala110-Leu111-Arg112-Pro113-Pro114-Thr115-Ala116-Gly117-COOH) of the β subunit, the hydrophobicity of Leu111 was found to be important for the interaction. However, its contribution was only marginal.
Molecular dynamics (MD) simulation studies of nonnative protein binding to substrates by Pyrococcus PFD have been reported (Ohtaki et al. 2008) . MD simulations indicated that at high temperatures, the residues of the coiled-coil regions on both α and β subunits showed greater flexibility when compared to those of the β-assembly region. Thus, the β assembly contributes to the maintenance of the width of the central cavity and the overall unique structure of PFD. In addition, short segments in the connecting linkers between the α-helical and β-assembly regions exhibited even higher flexibility, suggesting that these regions play the role of a Bhinge^and allow flexible movements by the coiled coils of all subunits.
The docking simulations of Pyrococcus PFD with a denatured insulin model demonstrated that the β subunit makes a noticeable positional change and that the hydrophobic groove at the distal region stabilizes hydrophobic interactions with a denatured protein (Ohtaki et al. 2008) . The hydrophobic groove is formed by Val8, Leu12, Leu15, Leu103, Ile107, and Leu111 of the β subunit (Fig. 2) . As expected, sitedirected mutagenesis analyses showed that these residues of the β subunit play an essential role in non-native substrate binding. Among these residues, Ile107 seems to be a critical residue. Thus, Ile107 of the β subunit, in addition to being involved in direct substrate binding, may also serve as a central core in the formation of the hydrophobic region. The α subunit modulates the shape and width of the central cavity to accommodate various substrates.
It was also shown that Pyrococcus PFD exhibits refolding activity for a denatured lysozyme at temperatures relatively lower than physiologically active temperatures (Zako et al. 2010) . A study of this interaction using the Biacore system suggested that the weak affinity for Pyrococcus PFD at lower temperatures prevents aggregation and may facilitate the refolding of denatured lysozyme, whereas at higher temperatures, the refolding of lysozyme is prevented due to the higher affinity for Pyrococcus PFD. Thus, it is plausible that the affinities of the interactions between molecular chaperone proteins and denatured substrate proteins could modulate the refolding processes of the substrates. This result also implies that PFD might be able to contribute to the folding of some cellular proteins whose affinity for PFD is weak or under conditions of relatively lower temperatures than physiological temperatures.
Cooperation between PFD and group II CPN
It was thought that PFD delivers a substrate protein to a group II CPN through a direct interaction. Martin-Benito et al. showed the three-dimensional reconstruction of a symmetric complex formed between CCT and PFD, with PFD bound to each of the CCT rings (Martin-Benito et al. 2002) . This finding confirmed the physical interaction between PFD and CCT. PFD interacted with two specific subunits in each of the CCT rings, which were placed in a 1,4 arrangement. The two PFDbinding subunits from one ring interacted with the corresponding pair in the opposite ring through their equatorial domains, suggesting a model for the phasing of the two rings of CCT.
Using the hyperthermophilic archaeal CPN-PFD system, a kinetic study of the interaction between PFD and a group II CPN was carried out. The kinetics of the reaction between Pyrococcus PFD and Pyrococcus CPN were studied by surface plasmon resonance using the Biacore system (Okochi et al. 2004) . Both N-and C-terminal ends of the β subunit of Pyrococcus PFD were found to be critical for interactions with Pyrococcus CPN. The dissociation constant, K D , gradually increased with the deletion of five to seven amino acids from the C-termini. Thus, the binding site for CPN is adjacent to that of an unfolded protein, which may correlate with the effective handover of a substrate to a group II CPN.
A single-molecule imaging study showed that substrate proteins captured by Pyrococcus PFD were delivered to CPN. Importantly, PFD cannot re-capture the substrate protein once it has been captured by CPN, suggesting that substrate delivery is irreversible (Zako et al. 2005) .
The detailed localization of the interaction site was performed by the comparison of Pyrococcus and two Thermococcus group II CPNs (α and β) (Fig. 3) (Zako et al. 2006) . The three group II CPNs share high sequence identity, but their interactions with Pyrococcus PFD are significantly different. Glu250 and Glu256 residues of the helical protrusion regions of Pyrococcus CPN and Thermococcus β CPN (CPNβ) are responsible for the relatively stronger binding to Pyrococcus PFD than Thermococcus α CPN (CPNα), whose 250th and 256th residues are Lys. Since the putative CPN-binding sites at the distal ends of Pyrococcus PFD are rich in basic residues, electrostatic interactions seem to be important for binding. Importantly, the transfer rate of a denatured GFP from PFD to CPN correlated with the affinities between PFD and CPN.
Recently, it was revealed that the C-terminal region of group II CPN is also responsible for the interaction with PFD (Zako et al. 2016 ). The C-terminal truncation mutants of CPNβ showed a reduced interaction with PFD (Table 1 ) and a decrease in the transfer efficiency of the denatured substrate protein from PFD and subsequent CPN-dependent refolding. Similar to those of other CPNs, the structure of the C-terminal amino acid residues was disordered. The high mobility of this region was confirmed by NMR analysis (Kurimoto et al. 2007 ). Thus, the C-terminal region should protrude into the cavity of CPN. Of the six C-terminal amino acids (Phe-Gly-Ser-Asp-Leu-Asp), the last two, Asp and Leu, appear to be the most important for binding to PFD. It is plausible that the Pyrococcus PFD β subunit could interact with the C-terminal region of CPN, i.e., the PFD β subunit simultaneously interacts with the apical domain and the C-terminal region of CPNβ (Fig. 4) .
Diversity of new archaeal PFDs
Genome analysis revealed that the hyperthermophilic archaeon Thermococcus kodakaraensis KOD1 has two pairs of prefoldin subunit genes (TK1005 and TK1121 for α subunits and TK0643 and TK1122 for β subunits) (Danno et al. 2008) . TK1005 and TK1121 encode α subunits, and TK0643 and TK1122 are genes that encode β subunits. TK1005 and TK0643 are located at different loci and are commonly found in both Thermococcus and Pyrococcus sp. TK1121 and TK1122 are tandemly arranged on the genome. TK1005 and TK0643 were expressed at all examined temperatures. In contrast, TK1121 and TK1122 were specifically expressed under heat-stress conditions at 93°C. Thermococcus spp. have two pairs of CPN genes encoding CPNα and CPNβ (Fujiwara et al. 2008; Yoshida et al. 2001) . CPNβ was significantly more abundant with increasing temperature ( m a x i m u m a t 9 3°C ) , w h e re a s C P N α w a s n o t . Thermococcus CPN formed a hetero-oligomer with variable subunit composition; CPNβ may be better suited to higher temperatures than CPNα. CPNβ is highly homologous to Pyrococcus CPN.
Functional characterizations of the PFD complexes of the two pairs of PFD subunits were performed using those of Thermococcus sp. strain KS-1 (Iizuka et al. 2008) . The canonical subunits (TK1005 and TK0643) are named PFDα1 and PFDβ1, and the heat stress-induced subunits (TK1121 and TK1122) are named PFDα2 and PFDβ2. There are four different recombinant prefoldin complexes composed of two pairs of prefoldin subunits (PFDα1, PFDα2, PFDβ1, and PFDβ2) that form α 2 β 4 heterohexamers and that can protect several proteins from forming aggregates. However, Fig. 2 Amino acid residues responsible for the interactions of Pyrococcus PFD with substrate and chaperonin. a The overall structure of α and β subunits. The hydrophobic residues (αLeu11, αLeu14, αVal131, αVal13, βLeu8, βLeu12, βLeu15, βLeu103, and βIle107) in the distal region of each subunit are in CPK representation. b The structure of the hydrophobic grooves of the α and β subunits at the distal region of the coiled coil. The hydrophobic residues are shown as ball-and-stick models. Reproduced with permission from Ohtaki et al. 2008 immunoprecipitation experiments suggested that PFDα1-β1 and PFDα2-β2 are physiologically relevant complexes, while the others are artifacts (Danno et al. 2008) . Interestingly, there is a difference in their interactions with CPNs. In all cases, PFD-containing PFDβ1 exhibited higher affinities to PFDs. PFDβ2 lacks the terminal region of the coiled coil, which is thought to contribute to the interaction with CPN. PFDα2-β2 did not interact with CPNα, but a significant interaction was observed with CPNβ. Thermodynamic studies showed that the interaction between PFD and CPN is entropy driven. Among the four combinations of PFD-CPN interactions, the difference in entropy upon binding of CPNβ to PFDα2-β2 was the largest, and the affinity significantly increased at higher temperatures . Thus, it is reasonable to think that PFDα2-β2 cooperates with CPNβ under heat stress conditions.
A filamentous PFD (γ PFD) was discovered in the hyperthermophilic archaeon Methanocaldococcus jannaschii (Whitehead et al. 2007 ). The γ PFD, which is upregulated over 20-fold in response to heat shock, is homologous to the α PFD of M. jannaschii. This homolog did not assemble with either an α or β subunit, but it formed a long filamentous structure that was shown to have chaperone activity in vitro. Transmission electron microscopy (TEM) measurements revealed that the lengths of the γ PFD filaments vary from 200 nm to over 2 μm, whereas the width of the filaments, as deposited on mica or carbon support grids, are uniform, at 8.4 ± 0.4 nm. Based on the TEM observations and the homology model with the α subunit of the crystal structure of the α 2 β 4 PFD complex, a potential model can serve to explain the orientation of γ PFD on the surface (Whitehead et al. 2009 ).
Perspective
The molecular chaperone system of hyperthermophilic archaea is very simple compared with those of other organisms. Within hyperthermophilic archaea, only the following six kinds of chaperones have been identified so far: group II CPN, PFDs, small heat shock proteins, peptidyl-prolyl cistrans-isomerases, AAA proteins, and NAC. These archaea
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The dissociation constants (K D ) were calculated by steady-state affinity determination method. Errors obtained by the fitting were shown. Reproduced with permission from Zako et al. 2016 lack the Hsp70 chaperone system as well as Hsp90 and Hsp100, though these are thought to be indispensable chaperones in all other organisms. Therefore, the PFD-CPN system could be responsible for the de novo folding and maintenance of various proteins. Archaeal PFDs are able to capture various unfolded proteins due to their six tentacles and transfer the proteins to archaeal group II CPN for productive folding. As described above, the details of the mechanisms for substrate recognition and substrate transfer of archaeal PFDs were revealed. In contrast, the role and mechanism of eukaryotic PFDs remain unknown. The cooperation of eukaryotic PFDs and CCT/TRiC in the folding of cytoskeletal proteins is evident. However, there are only a few reports on the substrates of eukaryotic PFDs. Recent studies have shown that eukaryotic prefoldins are connected to phenomena that are not directly linked to the cytoskeleton, such as protein aggregation. Eukaryotic PFDs play a role in quality control against protein aggregation, and dysfunction of prefoldin is one of the causes of neurodegenerative diseases (Abe et al. 2013 ). This role of PFD explains its protective effect against polyglutamine toxicity and the accumulation of aggregated pathogenic huntingtin (Tashiro et al. 2013) . Human PFD also inhibits amyloid-β fibrillation and contributes to the formation of non-toxic amyloid-β aggregates in vitro, which is consistent with its upregulation in a murine model for Alzheimer's disease (Sorgjerd et al. 2013 ). Several studies have also shown the role of PFD in a number of cancers. It has been shown that PFD4 expression is a prognostic factor in breast and colorectal tumor and cancer cells (Miyoshi et al. 2010 ). An array comparative genomic hybridization (CGH) study identified PFD2 as a biomarker of bladder cancer cells (Lopez et al. 2013) . Unconventional prefoldin RPB5 interactor (URI) contributes to the resistances of cervical, colorectal, and gastric cancer cells to drugs, and to cell survival (Gu et al. 2015; Hu et al. 2016; Lipinski et al. 2016) . PFD1 was also involved in the progression of colorectal and lung cancer (Wang et al. 2017; Wang et al. 2015) .
Further study of eukaryotic PFDs is expected to reveal proteostasis in the cytosol and provide new insights into PFDs as potential therapeutic target proteins in aggregation diseases and various cancers. 
